Swelling characteristics and physicochemical properties of the complexation process between a polycarboxylic acid (polymethacrylic acid, PMAA) and non-ionic polymers, polyethylene oxide (PEO) and polyacrylamide (PAAM), were studied. The presence of both strong and weak hydrogen bonding in the (PEO-PMAA-PAAM) interpolymer complexes (IPCs) have been correlated with their swelling behavior. Information about the molecular transport of liquid into the polymer matrix of (PEO-PMAA-PAAM) can be clarified by understanding the interpolymer complex equilibrium swelling behavior. The effect of contact time on the swelling extent of the (IPC) samples with aqueous solution, pH, temperature and the monomer mole ratios of MAA and AAM were investigated. The optimum swelling conditions were found to be at pH 7, 30ºC and 180 minutes of contact time. Increasing the monomer mole ratio of the non-ionic monomer (AAM) resulted in an improvement in the degree of swelling as a function of both time and temperature. The swelling behavior of the prepared (IPC) showed compatible swelling performance which can be used in bio-filtration process. Swelling/de-swelling cycles were used to examine the structure stability and the swelling performance of the (IPC). Due to its structural stability and high swelling performance, IPC with MAA: AAM (1:1) monomer mole ratio could be used for an extended number of swelling/de-swelling cycles.
Introduction
An Interpolymer complex (IPC) swells for the same reason that an analogous hydrogel swells in water. [1] [2] [3] Hydrogels may show a swelling behavior dependent on the external environment. [4] [5] [6] Some of the factors affecting the swelling of hydrogels include pH, [7] [8] [9] temperature, [10] monomer mole ratio and crosslinking density. [11] [12] [13] The chemical structure of the polymer may also affect the swelling ratio of the hydrogels. [14] [15] [16] The extent of crosslinking is one of the most important factors that affect the swelling of hydrogels. [17] [18] [19] Crosslinking hinders the mobility of the polymer chains, hence lowers the swelling ratio. [20] [21] [22] Due to their high water content, hydrogels usually have low mechanical strength. [23] [24] Although the research on hydrogels is more than three decades old, [25] [26] [27] the research interest in hydrogel is still growing because of the unique properties [28] [29] [30] that make the hydrogels find numerous applications in pharmaceutical, [31] [32] [33] agricultural, and biomedical fields. [34] [35] [36] Polymerization of monomers interacting with template by ionic or charge transfer interactions or by hydrogen bonding leads to polycomplexes. Formation of polymeric complexes from two mutually interacting polymers is well known in literature. [37] [38] By mixing two solutions of polyelectrolytes having opposite charges, one can obtain the polymeric complex usually in the form of a precipitate. When two aqueous solutions of the water-soluble polymers polyacrylic acid (PAA) and polyethyleneoxide (PEO) are mixed, water-insoluble IPC is immediately formed. It was concluded that the unique properties of the precipitate result from the hydrogen-bonding between the ether and the carboxyl groups of the polymers. [39] [40] It was also pointed out that these complexes may form not only between PAA and PEO but also between poly(carboxylic acid) and many other non-ionic polymers. [41] The most commonly used water-soluble poly (carboxylic acid)s include PAA, polymethacrylic acid (PMAA), and styrene-maleic acid copolymer, whereas the most commonly used non-ionic polymers include polymers containing lactame groups and ether groups, non-ionic polysaccharides, acrylic type polymers and polymeric alcohols. [42] [43] [44] It was demonstrated that the interaction between these polymers is driven by hydrogen-bonding and the IPC stoichiometry approaches 1:1. At low pH values, the interaction results in phase separation, while at high pH values, the polycomplex exists in solution. In the neutral pH region, some interactions between the two polymers have also been detected. [45] [46] The IPC model could be used as a good candidate to improve the hydrogel low mechanical performance (i.e. structure stability and the swelling/deswelling performance cycles).
IPCs of poly(carboxylic acid) (PMAA) and non-ionic polymers (PEO and PAAM)
were previously synthesized and characterized in our laboratory. [47] The present work provides a continuation and an expansion of the characterization to shed full light on the swelling behavior of the polymer complex. The swelling behavior of the prepared IPC was studied as a function of monomer mole ratios, the carboxylic group present in (MAA) monomer and the non-ionic group in acrylamide monomer (AAM and α,α'-azoisobutyronitrile (AIBN) were purchased from Fluka. All chemicals were of analytical grade quality and were used without further purification.
Synthesis of PEO-PMAA-PAAM interpolymer complex (IPC)
The preparation of (PEO-PMAA-PAAM) IPC was carried out by solution polymerization of 1.0 g of polyethylene oxide (M w =100,000) and 6.0 g (0.084 mol)
acrylamide monomer in 100 mL THF. Another solution was prepared by dissolving 0.03 g of , ' -azoisobutyronitrile in methacrylic acide monomer (7.2 mL, 0.084 mol).
Nitrogen was bubbled through the well mixed solutions for 30 min to remove dissolved 
Structure Stability and Swelling Performance
Structural stability and swelling performance of the prepared IPC was studied.
Swelling/de-swelling cycles experiments were carried out on IPC samples with 1:1 and 3:1 monomer mole ratios which represent the two mole ratio limits in the present work.
Samples were immersed in buffered solutions with pH 7 at 20ºC for 180 minutes. The swelling ratio for the first cycle was evaluated as previously described. In the second cycle swollen samples were de-swelled under vacuum to a constant sample weight followed by another swelling run under the same conditions. The process was repeated for 20 times and the ES was calculated accordingly. Moreover, the effect of solution temperature on the structural stability and swelling ratio performance of the IPC samples was also evaluated at 30ºC and 40ºC whereby other parameters were kept constant.
Results and Discussion
The effect of contact time of IPC samples of different monomer mole ratios (MAA-AAM = 1:1; 1:2; 1:3, 2:1; and 3:1) with aqueous solution (pH 7 and 30ºC) was studied. The results are shown in Figure 1 . A general trend can be recognized where the swelling ratio of the IPCs with different monomer mol ratios increases with increased contact time. Potential and significant increase in the swelling ratio ceases to exist after 180 minutes of contact time. Relatively low swelling ratios were observed for IPC samples with monomer mole ratios of 3:1 and 2:1, whereas high swelling ratios were observed for IPCs with 1:1, 1:2 and 1:3 monomer mole ratios. Obviously, the increase in the MAA monomer mole ratio decreases the swelling ratio of the IPC due to formed hydrogen bonds that increase the crosslinking density of the IPC. It has been found that increasing the AAM monomer mole ratio increases the swelling ratio of IPC, however to a smaller extent than that observed for the 1:1 monomer mole ratio which showed the highest swelling extent. The swelling degree of the IPCs samples corresponding to the water uptake as a function of pH of buffer solution was determined. The temperature of the buffered solutions was adjusted to 30ºC and the samples' swelling contact time was set at 180 minutes. As can be seen in Figure 2 , the swelling behavior of IPCs with different monomer mole ratio of MAA:AAM increases with increasing the pH of buffer solutions.
Little or no increase in swelling degree was observed in the pH range of 2-4. Sharp increase in swelling extent was observed in the pH range of 4 to 6 followed with a general decrease at pH higher than 7.5. This decrease was sharp with high MAA 
Figure 2: Swelling ratio as a function of pH of solution for different IPC monomer (MAA: AAM) mole ratios (T = 30ºC and t = 180 min).
It is obvious that the increase in the carboxylic acid (MAA) monomer mole ratio monomer mole ratios, the swelling degree was found to increase with increasing the pH followed by insignificant decrease above pH=7. The insignificant decrease in the swelling degree of these IPCs with low carboxylic monomer content explains the relatively small effect of the intermolecular forces, namely hydrogen bonding, on the swelling behavior of such polymer complexes.
The effect of buffered solution temperature on the swelling behavior of the IPCs of various monomer mole ratios is shown in Figure 3 . The pH of the buffered solutions was set at 7, and the sample solution contact time was set at 180 minutes. The swelling ratios were determined at three different solutions temperatures, 20ºC, 30ºC and 40ºC. The swelling degree of all IPCs samples increases as the solution temperature is increased from 20ºC to 40ºC. This is believed to be due to the dissociation of hydrogen bonds between polymer chains at higher temperatures. The strong hydrogen bonding is thus replaced by weaker intermolecular forces, creating more space for water molecules to come within the polymer matrix, increasing thus the swelling degree. As noticed before (Figure 3 ), the swelling degree was higher for IPCs with lower carboxylic acid monomer (MAA) content.
The strength of hydrogen bonds [48] [49] Therefore, chemically non-crosslinked insoluble IPCs may form under acidic conditions and dissociate upon increasing the pH. Physical crosslinks due to hydrogen bonding allows the formation of more cavities within IPC to hold water molecules inside them.
These cavities reach their maximum water confinement at pH 7-8 after which the hydrogen bonding ceases to exist and only chemical crosslinks and physical entanglements are responsible for water confinement. The absence of hydrogen bonds would lead to a greater leak of water from the IPC matrix which would result in a decrease in the swelling degree at higher pH (10) (11) (12) .
The relationship between the swelling ratio and the number of swelling/deswelling cycles is shown in Figure 4 . IPC of 1:1 monomer mole ratio showed a slight decrease in the swelling degree with increased number of swelling/de-swelling cycles.
On the other hand, IPC of 3:1 monomer mole ratio showed a dramatic decrease in the swelling degree upon increased number of swelling/de-swelling cycles. The lower the temperature, the lower is the swelling degree observed in the earlier few cycles. This trend, however, does not hold as the number of swelling/de-swelling cycles is increased where the swelling degree is higher at low temperatures. This is believed to be due to thermal aging of the samples. 
Conclusions
The mole ratio of methacrylic acid (MAA) and acrylicamide (AAM) monomers 
